An EPIC label-free phenotypic platform was developed to explore B cell receptor (BCR) and CD40R-mediated B cell activation. The phenotypic assay measured the association of RL non-Hodgkin's lymphoma B cells expressing lymphocyte function-associated antigen 1 (LFA-1) to intercellular adhesion molecule 1 (ICAM-1)-coated EPIC plates. Anti-IgM (immunoglobulin M) mediated BCR activation elicited a response that was blocked by LFA-1/ICAM-1 specific inhibitors and a panel of Bruton's tyrosine kinase (BTK) inhibitors. LFA-1/ICAM-1 association was further increased on coapplication of anti-IgM and mega CD40L when compared to individual application of either. Anti-IgM, mega CD40L, or the combination of both displayed distinct kinetic profiles that were inhibited by treatment with a BTK inhibitor. We also established a FLIPR-based assay to measure B cell activation in Ramos Burkitt's lymphoma B cells and an RL cell line. Anti-IgM-mediated BCR activation elicited a robust calcium response that was inhibited by a panel of BTK inhibitors. Conversely, CD40R activation did not elicit a calcium response in the FLIPR assay. Compared to the FLIPR, the EPIC assay has the propensity to identify inhibitors of both BCR and CD40R-mediated B cell activation and may provide more pharmacological depth or novel mechanisms of action for inhibition of B cell activation.
Introduction
Phenotypic screening has reemerged as a valuable approach to drug discovery. However, establishing suitable, robust screening platforms that are validated and amenable to highthroughput screening (HTS) is no trivial task. Based on a FLIPR assay developed by DiPaolo et al., we established the FLIPR-based platform to measure B cell activation to evaluate the ramifications, limitations, and differentiating attributes of the EPIC platform. 1 Our objective was to develop a label-free EPIC phenotypic platform to measure B cell activation.
The EPIC technology is label free and uses an optical biosensor that can detect changes in the index of refraction near the surface of the sensor. For cell-based assays, the dynamic mass redistribution within a cell causes index of refraction changes, resulting in a shift in the wavelength of the reflected light, and can be used to measure attachment of cells to the plate surface. 2 In contrast, the FLIPR-based technology uses a calcium-sensitive dye that is loaded into the cell cytoplasm. On binding of an agonist to a Gq-coupled G protein-coupled receptor, or activation of a calcium-permeable ion channel, calcium is released from intracellular stores or enters the cell via the ion channel, binds to the dye, and increases fluorescence intensity. B cell activation is an attractive model to study due to its relevance in human health, defined signaling pathways, and repertoire of pharmacological tools that have been validated in B cell activation assays and disease models. B cell activation is dependent on two distinct signals-the first is antigen binding to the B cell receptor (BCR), followed by presentation of the antigen on the B cell surface. The second activation signal is carried out through cell-to-cell interaction between B cells and T cells. Specifically, CD40 ligand expressed on the surface of activated T cells associates with the CD40 receptor (CD40R) expressed on the surface of B cells. On activation, B cells proliferate, differentiate, and regulate antibody secretion. 3, 4 These processes are tightly regulated. Importantly, dysregulation of B cell activity contributes to the disease pathology associated with autoimmune diseases, such as systemic lupus and rheumatoid arthritis. 5, 6 The signaling cascades elicited on B cell activation are illustrated in Figure 1 . Briefly, engagement of BCR and/or CD40R elicits a series of signaling cascades that coalesce at the level of Bruton's tyrosine kinase (BTK). BTK is phosphorylated by kinases, such as spleen tyrosine kinase (SYK) and phosphatidylinositol-3 kinase (PI3K). 7, 8 Once activated, BTK phosphorylates and activates phospholipase C-γ (PLCγ) that gives rise to the breakdown of phosphatidylinositol 4,5 bisphosphate (PIP 2 ) to the second messenger's inositol triphosphate (IP 3 ) and diacylglycerol (DAG). IP 3 diffuses to the endoplasmic reticulum and binds to IP 3 -gated calcium channels releasing Ca 2+ into the cytoplasm. In this scenario, the FLIPR platform measures the release of calcium following BCR-dependent activation. Both DAG and Ca 2+ activate the calcium and diacylglycerol binding guanine nucleotide exchange factor (CALCADG-GEF1). CALDAG-GEF1 is a Rap1-specific guanine nucleotide exchange factor that activates Rap1. 9 Rap1 translocates to the membrane of B cells and, in concert with adapter proteins such as RIAM and Talins, converts low-affinity lymphocyte function-associated antigen 1 (LFA-1) to a higher-affinity conformation that is capable of associating with cells that express intercellular adhesion molecule 1 (ICAM-1). 10 ICAM-1-expressing cells include leukocytes, dendritic cells, and follicular dendritic cells. 11 Importantly, LFA-1/ICAM-1 protein-protein interactions are associated with the immunological synapse that forms between a lymphocyte and its target cell. 10 ICAM-1 is also expressed in the membranes of endothelial cells, and, when activated, leukocytes bind to the endothelial cell via ICAM-1/LFA-1 associations and transmigrate into tissues. The EPIC assay was developed to measure the activation of B cells via the association of LFA-1-expressing B cells to EPIC plates coated with ICAM-1, a physiologically relevant response that is downstream of BCR activation and calcium release.
As mentioned previously, aberrant B cell activation is associated with autoimmune and inflammatory diseases. Identifying small-molecule inhibitors of B cell activation may ameliorate the symptoms associated with autoimmune disease. Recently, several small-molecule inhibitors of B cell activation have been reported. For example, CGI-1746 is a small-molecule BTK inhibitor that blocks BCR-dependent B cell proliferation and reduces autoantibody levels in collagen-induced arthritis. 1 Dasatinib is a small-molecule kinase inhibitor with a wide array of targets that includes SYK and BTK. 12, 13 Both SYK and BTK are downstream effectors of BCR activation (see Fig. 1 ). Indeed, dasatinib is reported to inhibit calcium release and PI3K activation in response to BCR crosslinking in chronic lymphocytic leukemia (CLL) activate CALDAG-GEF (Ca 2+ and DAG guanine nucleotide exchange factor) and Rap1, which ultimately converts LFA-1 to a high-affinity conformation capable of associating with intercellular adhesion molecule 1 (ICAM-1) expressed on a target cell. [7] [8] [9] [10] cells. 13 Furthermore, dasatinib inhibits the release of histamine from human primary basophils and the secretion of proinflammatory cytokines in immune cells. 12 The AVL-292 class of small-molecule inhibitors is reported to inhibit B cell signaling, also via a BTK-dependent mechanism; displays efficacy in a rheumatoid arthritis model; and is currently in clinical trials.
14 Small-molecule inhibitors of B cell activation that target effectors downstream of BTK and Ca 2+ release include BMS-587101. BMS-587101 is an LFA-1 smallmolecule antagonist that in vitro inhibits LFA-1-mediated adhesion of T cells to endothelial cells and blocks subsequent T cell activation. 15 Importantly, BMS-587101 protects mice against inflammation and bone destruction in a collageninduced arthritis study. 15 Collectively, these data support targeting pathways involved in B cell activation for the potential treatment of autoimmune and inflammatory diseases.
In this study, we developed an EPIC-based phenotypic platform to assess B cell activation, with LFA-1/ICAM-1 adhesion being the endpoint readout. We demonstrate that the EPIC platform can detect changes in B cell adhesion to ICAM-1-coated plates triggered by stimulation of the BCR and/or CD40R. In contrast, the FLIPR assay was unable to detect CD40R-mediated changes in calcium flux under these experimental conditions. Importantly, using a series of pharmacological tools, we can block B cell activation in both the EPIC and FLIPR platforms. Whereas the FLIPR assay is truly amenable to HTS, the EPIC label-free technology provides a complementary platform that measures B cell activation from a holistic perspective. To our knowledge, this is the first report using the EPIC technology as a phenotypic screening platform to measure LFA-1/ICAM-1 adhesion as a readout for B cell activation.
Materials and Methods

Materials
The Ramos B cells and RL B cells were purchased from the American Type Culture collections (ATCC, Rockville, MD). Goat anti-IgM (immunoglobulin M) was purchased from Acris Antibodies (San Diego, CA) and Southern Biotech (Birmingham, AL). The rhICAM-1/Fc chimer and the human CD40/TNFRSF5 antibody were purchased from R & D Systems (Minneapolis, MN). Recombinant human mega CD40L was purchased from Enzo Life Sciences (Farmingdale, NY). The neutralizing anti-CD40L antibody (Anti-hCD40L-IgA) was purchased from InvivoGen (San Diego, CA). Hank's balanced salt solution (HBSS) and HEPES were purchased from Life Technologies (Grand Island, NY) and Thermo (Pittsburgh, PA), respectively. Both RPMI and PenStrep were obtained from CellGro (Corning, NY). The heat-inactivated fetal bovine serum (FBS) was purchased from PAA (Pittsburgh, PA). Black, clear-bottom, 384-well, poly D-lysine coated plates were purchased from Greiner Bio-One (Monroe, NC).
EPIC 384-well microplates were purchased from Corning (Corning, NY). The calcium assay kit was obtained from BD Biosciences (San Jose, CA). R406 and AVL-292 were made in house and can be purchased from SelleckChem (Radnor, PA). RN-486, PCI-29732, and CGI-1746 were made in house and can be purchased from MedChem Express (Monmouth Junction, NJ). Dasatinib was made in house and can be purchased from Cayman (Ann Arbor, MI). AVL-292 derivative and compound 6 were synthesized in house. 16 
Cell Culture
Both Ramos and RL B cells were maintained in RPMI + 10% FBS + 1× PenStrep. Cells were maintained between 5×10 5 cells/mL and 1.2×10 6 cells/mL. The day before the assays, cells were seeded in RPMI + 1% FBS + 1× PenStrep.
FLIPR Calcium Flux Assay
On the day of the assay, cells were resuspended in media containing 1% FBS, and an equal volume of the no-wash calcium dye was added to the suspension. Cells were seeded into a 384-well poly D-lysine coated plate using a Multidrop Combi (Thermo). Cells were incubated at 37 °C/5% CO 2 for 1 h. For inhibition studies, cells were incubated with compound at room temperature for an additional 30 min. Compounds were diluted using the Janus Automated Workstation (Perkin Elmer, Akron, OH). Anti-IgM was prepared in HBSS supplemented with HEPES and 0.1% bovine serum albumin. Cells were stimulated with EC 80 anti-IgM. The change in fluorescence was recorded in the FLIPR both pre-and post anti-IgM application.
FLIPR traces were analyzed using ScreenWorks 3.2 (Molecular Devices, Grand Island, NY). The output statistic was defined as the maximum relative light units (RLUs) during the kinetic read. Data were exported to GraphPad Prism (GraphPad Prism 5 Software, San Diego, CA) for determination of IC 50 and EC 50 values
EPIC LFA-1/ICAM-1 Adhesion Assay
On the day of the assay, EPIC 5040 plates were coated with rhICAM-1 prepared in Dulbecco's phosphate buffered saline (D-PBS) at 50 ng/well. Plates were incubated at room temperature for ~3 h. Residual rhICAM-1 buffer was removed from the plates and briefly centrifuged upside down to remove remaining rh-ICAM-1 buffer. RL cells were resuspended in D-PBS and seeded in the EPIC plates at 40,000 cells/well using a Multidrop Combi. Compounds were diluted using the Janus Automated Workstation. For anti-CD40L neutralization assays, anti-CD40L was coapplied with mega CD40L. For inhibitor assays, compound was added to the EPIC plates using the Janus Automated Workstation, followed by a brief centrifugation at 300 rpm for 1 min. EPIC plates were allowed to equilibrate in the EPIC for 2 h. Anti-IgM, mega CD40L, or CD40R antibody was prepared in D-PBS. Anti-IgM was added to the cells using the EPIC liquid-handling apparatus. A 2 min baseline read was recorded prior to anti-IgM addition, followed by a kinetic read of 2 h. EPIC data were analyzed using the EPICAnalyzer (Corning). Time points for a given stimulus were analyzed and exported to GraphPad Prism for determination of IC 50 and EC 50 values. For normalized data, 100% was defined as maximal response in the absence of test compound.
Data Analysis
Figures depict representative graphs or traces. Where shown data are represented as mean ± SD. Statistical analysis was performed with a level of significance established at p < 0.05. Statistical analysis was conducted using Prism software (GraphPad Prism 5).
Results
Establishing a FLIPR-Based Calcium Flux Assay to Measure B Cell Activation
A FLIPR-based assay to assess inhibitors of B cell activation has been described in the literature. 1, 17 We established the FLIPR-based platform assay in house to examine the pharmacology of a selection of tool inhibitors and compared their profiles in the EPIC platform. The Ramos and RL B cell lines were chosen to examine BCR-mediated calcium flux. Crosslinking of the BCR with anti-IgM and the subsequent activation of downstream signaling events trigger the release of calcium from intracellular stores (Fig. 1) . 1, 17 Ramos B cells were seeded at various densities, and the calcium flux in response to anti-IgM at a range of concentrations was examined. Poly D-lysine coated 384-well plates seeded at 30,000 cells/well gave the largest response window (Suppl. Fig. 1A ). The response peaked approximately 7 s post anti-IgM addition, followed by a slower decay (Suppl. Fig. 1B ). To validate that the anti-IgM mediated calcium flux was signaling through the BCR signaling complex, we examined the effect of the BTK inhibitor, CGI-1746, on this system. BTK is a downstream effector of BCR signaling, and therefore inhibiting BTK should abolish intracellular calcium release (Fig. 1) . As expected, CGI-1746 inhibited anti-IgM-mediated calcium flux in Ramos B cells in a dose-dependent fashion (Suppl. Fig.  1C ). The potency of CGI-1746 was in the nanomolar range and consistent with published data ( Table 1) . 1 
Pharmacological Characterization of Anti-IgMMediated Calcium Flux in Ramos B Cells
We examined the pharmacology of the tool compounds described in Supplemental Figure 2 in the FLIPR-based platform. Both the BCR and CD40R signaling cascades converge at BTK (Fig. 1) . The tool compounds were chosen based on their propensity to inhibit BTK, have different modes of inhibiting BTK, and/or show efficacy in disease models. The type I inhibitors include R406, dasatinib, and PCI-29732. Type I inhibitors bind to the adenosine triphosphate (ATP) site in the catalytically active conformation but do not penetrate the allosteric pocket. R406 is a SYK and BTK inhibitor with nanomolar potencies in in vitro assays. 16, 18 R406 also has been reported to inhibit approximately 15 other kinases with less than 10-fold selectivity. 19 In our cell-based FLIPR assay, R406 inhibited anti-IgMmediated calcium flux with an IC 50 in the micromolar range ( Fig. 2A and Table 1 ). Dasatinib is a multikinase src family and BTK inhibitor. 12, 20 Dasatinib has been reported to block B cell activation on crosslinking of BCR. 13 Of the type I inhibitors we examined, dasatinib was the most potent in both Ramos and RL cell lines with an IC 50 of 74 nM and 234 nM, respectively ( Fig. 2A and Table 1 ). PCI-29732 is a reversible inhibitor of BTK. PCI-29732 is reported to inhibit BTK in the low-nanomolar range. 21 In the FLIPR cell-based assay, PCI-29732 attenuated anti-IgM-mediated calcium flux with an IC 50 of ~300 nM; however, in RL cells, the IC 50 is rightward shifted ( Fig. 2A and Table 1 ).
The type 1.5 inhibitors include CGI-1746 and RN-486. Type 1.5 inhibitors also bind to the catalytically active conformation at the ATP binding site in addition to an adjacent hydrophobic pocket. CGI-1746 stabilizes the inactive nonphosphorylated conformation of BTK and is reported to display ~1000-fold selectivity over Tec and Src family kinases. 1 Similarly, RN-486 is reported to inhibit BTK in in vitro assays in the low-nanomolar range and displays a high degree of selectivity over other kinases. 22 In the FLIPR cellbased assays described here, RN-486 was significantly more potent than CGI-1746 at attenuating anti-IgM-mediated calcium flux in Ramos cells (Fig. 2B and Table 1) .
Compound 6 is a type II inhibitor. 16 Type II inhibitors bind to the catalytically inactive form of the enzyme and extend into a hydrophobic allosteric site. Compound 6 is a Src family and BTK kinase inhibitor. 16 Compound 6 is reported to inhibit BTK with an IC 50 in the low-micromolar range based on a radioactive enzyme assay monitoring BTK product formation. 23 In the FLIPR cell-based assay, compound 6 did not block anti-IgM mediated calcium release in Ramos cells, even up to concentrations of 10 µM ( Fig. 2A and Table 1) .
We selected two covalent compounds, AVL-292 and its derivative. Covalent inhibitors also form high-affinity interactions with the target enzyme, whereby the compound is irreversibly locked to the target. AVL-292 is reported to potently inhibit BTK in biochemical assays and inhibit antiIgM-mediated BTK autophosphorylation in Ramos cells with nanomolar IC 50.
14 In this report, AVL-292 was more potent than its derivative in Ramos cells. This was not the case for RL cells (Fig. 2B and Table 1 ).
In addition to the BTK inhibitors, we also examined the propensity for LFA-1/ICAM-1 inhibitors, BMS 587101 and BIRT 377, to attenuate anti-IgM-mediated Ca 2+ flux in the FLIPR assay. Given that Ramos B cells do not express appreciable levels of LFA-1 and that LFA-1 effector systems are downstream from Ca 2+ flux, it was not surprising that these inhibitors had no effect on Ca 2+ flux ( Fig. 2B and Table 1) . 24 Moreover, both LFA inhibitors had no effect on Ca 
Development of a Label-Free Platform to Measure B Cell Activation
As mentioned, RL is a human non-Hodgkin's lymphoma B cell line. RL cells express the integrin LFA-1, and association with its ligand ICAM-1 mediates B cell adhesion. The propensity for LFA-1 to associate with ICAM-1 is largely dependent on the conversion of LFA-1 to an intermediateaffinity conformation (Fig. 1) . 10 The signaling cascades elicited on BCR activation contribute to the conformational shift required for LFA-1/ICAM-1 interactions. The principle of the EPIC platform is based on association of LFA-1 expressing RL cells to ICAM-1 coated on the EPIC plate (Suppl . Fig. 3) . We hypothesized that treatment of RL cells with anti-IgM should shift LFA-1 expressed in RL cells to an intermediate conformation capable of associating with ICAM-1 rendered on the EPIC plate. Treatment of RL cells with inhibitors of the BCR signaling pathway should abrogate the LFA-1/ICAM-1 association (Suppl . Fig. 3 ). RL cells were seeded onto 384-well EPIC plates precoated with or without ICAM-1 and allowed to equilibrate for approximately 2 h in the EPIC. The equilibration time permitted the cells to settle, resulting in a steady-state baseline. Addition of anti-IgM elicited a positive shift in response that corresponded to an increased mass within the sensing volume in Table 1 . The data from representative experiments are shown as mean ± SD for each concentration performed in triplicate.
wells coated with ICAM-1 (Fig. 3A) . The peak response was approximately 25 min post anti-IgM application, followed by a slow decay (Fig. 3A) . The slow decay and decreased mass within the sensing volume would suggest the possible release of RL cells from the ICAM-1-coated surface. From a functional perspective, this would be consistent with immune cell extravasion and endothelial migration. Indeed, the erythromyeloblastoid leukemia cell line, K562, is reported to display dynamic LFA-1/ICAM-1 adhesion whereby a time-dependent decrease in adhesion strengthening that facilitates extravasion and transmigration was observed. 25 Importantly, RL cells did not appear to associate with the EPIC plate in the absence of ICAM-1, supporting the notion that the adhesion was LFA-1/ICAM-1 specific (Fig. 3A) .
Pharmacological Characterization of the LFA-1/ ICAM-1 Association
To better understand the parameters of the EPIC assay, we titrated the anti-IgM-dependent response. The anti-IgM response was dose dependent with an apparent EC 50 of 0.9 µg/mL (Fig. 3B) . Data were taken at the 25-35 min time interval, at which maximal peak response was recorded. To further validate the platform, we examined the pharmacology of two well-characterized LFA-1/ICAM-1 inhibitors, BMS 587101 and BIRT 377. BMS 587101 has been shown to inhibit LFA-1-mediated adhesion of T cells to endothelial cells with an IC 50 of 20 nM. 15 Moreover, BMS 587101 is reported to be selective to LFA-1 compared to other bloodspecific integrins. 15 Similarly, BIRT 377 is reported to selectively inhibit LFA-1/ICAM-1 binding events in vitro and in vivo. 26 Importantly, in the current experiments, both BMS 587101 and BIRT 377 potently inhibited anti-IgMmediated LFA-1/ICAM adhesion with IC 50 s of 23 nM and 332 nM, respectively (Fig. 3C) . In contrast, BMS 587101 and BIRT 377 did not inhibit anti-IgM-mediated Ca 2+ flux in the FLIPR assay in either the Ramos or RL cells (Fig. 2B and Table 1 ). These data support the application of the EPIC platform for identifying inhibitors of LFA-1/ICAM association in response to anti-IgM stimulation of RL cells.
We next examined the pharmacology of the tool compounds validated in the FLIPR platform (Suppl. Fig. 2) . In general, the potency of the compounds was consistent within the RL cell line, irrespective of assay platform. RN-486 and dasatinib were most potent at inhibiting LFA-1/ ICAM adhesion (Fig. 4A) . Similarly, these compounds were most potent at inhibiting anti-IgM-mediated calcium flux in the FLIPR assay ( Table 1) . The syk/BTK inhibitor R406 displayed potency in the micromolar range in both the FLIPR and EPIC assays. The type II inhibitor, compound 6, displayed little inhibition in both cell-based assays. Also, the covalent inhibitor, AVL-292, was an order of magnitude more potent at inhibiting anti-IgM-mediated calcium flux in Ramos cells when compared to RL cells in either platform. This was not the case for the AVL-292 derivative, for which the potency of inhibition was in the micromolar range for both cell-based assays ( Table 1) .
From a routine profiling perspective, the EPIC platform yielded Z' statistics of 0.48±0.05, and the Z' range was 0.40-0.51 based on cells treated with AVL-292 (30 µM). The s:b was 17±7, and the range was 11.5-14.9.
CD40R-Mediated LFA-1/ICAM-1 Adhesion in RL Cells
The CD40R signaling pathway activates BTK via a series of phosphorylation cascades (Fig. 1) . Based on the simplified signaling cascade illustrated in Figure 1 , activation of CD40R should mediate LFA-1/ICAM-1 adhesion in RL cells. We examined the effects of mega CD40 ligand (mega CD40L) and crosslinking CD40R with anti-CD40 on LFA-1/ ICAM-1 adhesion. Indeed, both mega CD40L and anti-CD40R elicited LFA-1/ICAM-1 adhesion in the EPIC assay (Fig. 5A) . However, the profile of the kinetic response was quite different between the two stimuli. Notably, the mega CD40L dose response was maximal at 120 min post application (Fig. 5A) . In contrast, the anti-CD40R dose response peaked between 23 and 35 min post application, followed by a slow decay (Fig. 5A) . To confirm that the mega CD40L response was specific versus off-target effects, RL cells were cotreated with mega CD40L and mega CD40L neutralizing antibody. Importantly, the neutralizing antibody completely blocked the mega CD40L-dependent EPIC response (Suppl .  Fig. 4) . The time response for anti-CD40R is similar to that for anti-IgM-mediated LFA-1/ICAM-1 adhesion. The EC 50 s for mega CD40L and anti-CD40 were 5 µg/mL and 14 µg/ mL, respectively (Suppl . Fig. 5 ).
BCR and CD40R Costimulation in the EPIC and FLIPR Platforms
We hypothesized that costimulation of the BCR and CD40R signaling pathways may potentiate LFA-1/ICAM-1 adhesion in the EPIC and calcium flux in the FLIPR platform. Indeed, coapplication of anti-IgM and mega CD40L at their EC 50 concentrations potentiated RL cell adhesion in the EPIC assay when compared to a single application of either stimulant (Suppl . Fig. 6 ). The increase of LFA-1/ICAM-1 adhesion appeared additive.
In FLIPR-based assays, activation of the CD40R with either mega CD40L or anti-CD40R did not elicit calcium flux in Ramos cells or RL cells (Suppl. Fig. 7) . Coapplication of anti-CD40R with anti-IgM did not further increase calcium flux compared to Ramos cells treated with anti-IgM alone. Moreover, coapplication of mega CD40L/anti-IgM appeared to decrease maximal calcium flux when compared to treatment with anti-IgM alone in the Ramos cells (Suppl. Fig. 7 ).
Pharmacological Inhibition of BCR and CD40R Costimulation in the EPIC Platform
Based on our understanding of BCR and CD40R signaling, we hypothesized that a BTK inhibitor should block both the anti-IgM-and CD40R-mediated LFA-1/ICAM-1 adhesion in the EPIC assay. RL cells were treated with 10 µM of AVL-292 or its derivative during the 2-h equilibration period followed by anti-IgM, mega CD40L, or anti-IgM/ mega CD40L application at their EC 50 concentrations. For all three conditions, treatment with the BTK inhibitors attenuated the LFA-1/ICAM-1 adhesion, although to different extents (Fig. 5B-D) . Analysis of the kinetic traces revealed some interesting kinetic profiles. As mentioned, application of anti-IgM elicited a response within the first 25 min, followed by a slow decay (Fig. 5B, blue trace) . Pretreatment of RL cells with AVL-292 or its derivative appeared to abolish the maximal response elicited by anti-IgM throughout the entire kinetic read (Fig. 5B, red  and black traces) . Application of mega CD40L displayed a slow increase in response that reached maximum at approximately 120 min post application (Fig. 5C, blue trace) . AVL-292 pretreatment abolished the mega CD40L-dependent response up to 120 min post mega CD40L application. The AVL-292 derivative also inhibited mega CD40L-dependent LFA-1/ICAM-1 adhesion; however, the time course for the inhibition was distinct from that of AVL-292. At 30 min post mega CD40L application, the kinetic trace of the AVL-292 derivative shifted to an upward trend that parallels mega CD40L treatment alone and is characteristic of an increase in LFA-1/ICAM adhesion (Fig. 5C, red  trace) . In addition, coapplication of anti-IgM/mega CD40L yielded a kinetic trace that appeared to be a combination of the single applications of anti-IgM or mega CD40L: a robust response within the first 20-25 min followed by a slower potentiation (Fig. 5D, blue trace) . Pretreatment of cells with either AVL-292 or its derivative inhibited the response during the first 50 min of treatment with anti-IgM + mega CD40L. The inhibition appeared to wane post 50 min, and there was a slow and steady increase in LFA-1/ ICAM-1 adhesion during the remainder of the kinetic read (Fig. 5D, red and black traces) . However, at no point during the kinetic read did the level of LFA-1/ICAM-1 association return to the response recorded in the absence of inhibitor.
Discussion
In this report, we describe the development and validation of a phenotypic, cell-based screening platform using the EPIC technology to identify inhibitors of B cell activation. We chose B cell activation as our phenotypic endpoint based on the known biology associated with B cell activation, the selection of commercially available pharmacological tools, and, importantly, the unmet medical need to find small molecules that alleviate aberrant B cell activation associated with human disease.
A revival of phenotypic, cell-based screening has occurred during the past couple of years. Indeed, a FLIPRbased B cell activation assay has been described. 1 We sought to compare and contrast both the EPIC and FLIPR phenotypic platforms with a focus on pharmacology, throughput, and scope of the biological question.
The EPIC assay measures the propensity of RL B cells to adhere to ICAM-1-coated plates, a response that is dependent on B cells expressing LFA-1 in an "active" conformation on the surface of B cells. Association of LFA-1 to ICAM-1 is concomitant with B cell activation. The FLIPR assay measures the flux of intracellular calcium, a response that is upstream of LFA-1/ICAM-1 adhesion.
The objective of this report was to compare the scope and value of each technology as a screening platform. Ramos cells treated with anti-IgM elicited a robust Ca 2+ response in the FLIPR assay. It is noteworthy that chronic anti-IgM treatment (on the order of 24-48 h) has been shown to elicit cell death. 27 Importantly, acute application of anti-IgM in these studies (2 min application) elicited a calcium response that peaked 80-100 s post application followed by decay of the signal, a kinetic profile that is not consistent with cell death. In contrast to the FLIPR assay, Ramos cells did not elicit an EPIC response, precluding their use in EPIC studies. The absence of an EPIC response in Ramos cells is likely attributed to the lack of LFA-1 expression in this cell line. 24 However, RL cells elicited responses in both the FLIPR and EPIC platforms.
Both the EPIC and FLIPR platforms were validated using a panel of tool compounds that have been reported to inhibit key signaling proteins and pathways involved in B cell activation and/or displayed efficacy in models of immune and inflammatory disease. In general, the rank order of potency for the tool compounds was similar for both platforms. However, there were noticeable rightward shifts in potencies for some of the compounds that were cell line dependent. The potency of the tool compounds was consistent within the RL cellular background, irrespective of assay platform. In contrast, the pharmacology generally appears to be rightward shifted when comparing Ramos cells versus RL cells in the FLIPR platform. One can speculate that the potency of a compound will depend on the cellular repertoire and possible polypharmacology within a given cell line. Indeed, the data emphasize the importance of thoroughly evaluating the cell line of choice.
With respect to potency, dasatinib and RN-486 were the only small molecules that displayed submicromolar potencies among all three cell-based assays. The type I inhibitor, R406, targets SYK and to a lesser extent BTK. R406 did not display appreciable inhibition of anti-IgM-mediated B cell activation as measured by the FLIPR and EPIC assays. R406 has been reported to block SYK-dependent BCRmediated activation of B lymphocytes and inhibit paw inflammation in antibody-induced arthritis mouse models. 18 It is worth noting that the cell-based assay used primary human B cells stimulated with anti-IgM and measured CD69 upregulation. In this scenario, cells were treated with inhibitor for 60 min followed by chronic treatment (6 h) with anti-IgM. 18 In the FLIPR-based assay, cells were treated with R406 for 30 min followed by addition of antiIgM (acute treatment), and immediate changes in calcium flux were recorded. In the EPIC assay, RL cells were treated for 2 h with inhibitor followed by the addition of anti-IgM, and the kinetic response was recorded during a 2-h period. The apparent difference in potency of R406 may depend on the design of the assay, the final readout, and the anticipated target. Although the FLIPR and EPIC assays are phenotypic in nature and anticipated to identify inhibitors of multiple targets within the B cell activation pathway, the current experimental design is not optimized for the identification of SYK-specific inhibitors. The type 2 inhibitor, compound 6, failed to attenuate anti-IgM mediated B cell activation in the Ramos FLIPR assay and RL EPIC assay with an IC 50 greater than 10 µM in both assay platforms. However, the potency in the RL FLIPR assay was more consistent with published data (IC 50 of 3.5 µM versus 5.6 µM). 16 As mentioned, many of these compounds have shown efficacy in animal models of inflammation and/or immune suppression. For example, CGI-1746, RN486, AVL-292, and R406 suppressed immune response in rodent models of arthritis. 1, 14, 18, 22 Dasatinib was reported to inhibit histamine release in primary human basophils and secretion of proinflammatory cytokines in immune cells. 12 Furthermore, in human CD20 + B cells stimulated at BCR, PCI-29732 blocked the transcriptional upregulation of genes associated with B cell activation. 21 AVL-292, dasatinib, and R406 are currently in clinical trials. AVL-292 is in Phase Ib clinical trials for the treatment of CLL, B cell non-Hodgkin's lymphoma, and Waldenström macroglobulinemia. Dasatinib combination treatment is in Phase II clinical trials for the treatment of relapsed/refractory CLL and small lymphocytic lymphoma. 28 Currently, there are no published reports of these small-molecule BTK inhibitors in clinical trials of autoimmune/inflammatory diseases. In contrast, a prodrug version of the SYK inhibitor, R406, is in Phase II clinical trials for rheumatoid arthritis. 29 The LFA-1 small-molecule antagonists, BMS 587101 and BIRT 377, potently blocked LFA-1/ICAM 1 adhesion in the EPIC assay. In a recent report, BMS 587101 blocked T cell-HUVEC (human umbilical vein endothelial cell) adhesion. 15 Similar to the principles of monitoring LFA-1/ICAM-1 adhesion in the EPIC assay, T cells and HUVECs were stimulated with phorbol myristate acetate to increase LFA-1 avidity and ICAM-1 expression, respectively. BMS 587101 inhibited cellcell adhesion with an IC 50 of 20 nM and is consistent with our data (EPIC IC 50 23 nM; Fig. 6B) . Furthermore, BMS 587101 showed efficacy in rodent models of arthritis. 15 However, clinical trials to study BMS 587101 treatment in patients with moderate to severe psoriasis were terminated. BIRT 377 blocks LFA-1/ICAM-1 association by preventing upregulation of LFA-1 to its high-affinity conformation-a prerequisite for cell-cell adhesion. 26 BIRT 377 is reported to inhibit LFA-1/ ICAM-1 association in in vitro assays with a Kd of 26 nM and in cell-based adhesion assays in the low-micromolar range. 30 In our cell-based EPIC assay, the IC 50 for BIRT 377 was 332 nM (Fig. 3C) . Collectively, the EPIC assay platform can identify inhibitors that target upstream pathways of B cell activation (such as BTK) as well as downstream effectors proximal to LFA-1/ICAM-1 association and cast a wide net. From a biology perspective, we wanted to examine the application of each platform to B cell activation that was elicited by a signaling pathway independent of BCR. B cell activation can be elicited on activation of the CD40 receptor. Importantly, CD40R signaling is expected to coalesce at the level of BTK (Fig. 1) . The EPIC platform elicited a CD40R-dependent response; however, the FLIPR assay did not, and this was a major distinguishing attribute between the two platforms. An interesting observation of the EPIC assay was the profile of the kinetic trace for each method of activating B cell activation. There was a clear difference in the kinetic trace profile of the anti-IgM versus mega CD40L. Anti-IgM elicited a maximum response (LFA-1/ICAM-1 adhesion) within the first 30 min. In contrast, mega CD40L elicited a maximum response at the end of the kinetic read (120 min). These data may indicate that distinct signaling pathways are elicited on anti-IgM-or mega CD40L-mediated LFA1/ ICAM-1 adhesion. Alternatively, the difference in kinetic profile may relate to the proclivity of the anti-IgM or mega CD40L to stay bound to the respective receptor. Given the robust and rapid nature of BCR activation, the desensitization and return of BCR signaling to basal levels may be tightly regulated, rapid, and distinct when compared to CD40R activation. Interestingly, coapplication of anti-IgM plus mega CD40L potentiated LFA-1/ICAM-1 association above that of anti-IgM or mega CD40L alone. This would suggest that CD40R and BCR signaling pathways are distinct in RL cells. Importantly, neither treatment of anti-IgM or mega CD40L alone maximized LFA-1/ICAM-1 association, enabling the identification of compounds that may potentiate LFA-1/ ICAM-1 association above that of anti-IgM or mega CD40L.
Based on the signaling pathways illustrated in Figure 1 , we validated that AVL-292 would inhibit CD40R-mediated LFA-1/ICAM-1 association. AVL-292 and its derivative attenuated anti-IgM and anti-IgM + mega CD40L-mediated LFA-1/ICAM-1 adhesion at 10 µM. Also, AVL-292 and its derivative gave distinct EPIC profiles in response to mega CD40L B cell activation during the course of the kinetic read. For example, both AVL-292 and its derivative equally inhibited anti-IgM response at 30 min; however, there is a clear distinction in the inhibitory propensity of each compound post 30-min mega CD40L treatment. This distinction was not captured in the FLIPR assay or when using a set time point in the EPIC, and perhaps it illustrates the value of the EPIC kinetic trace. It is unclear why the AVL-292 derivative is less efficacious at inhibiting mega CD40L versus anti-IgM mediated EPIC response post 30-min application. We speculate that the on/off rate of the AVL-292 derivative versus AVL-292 may differ in cells stimulated with mega CD40L; however, further investigation is needed.
From a phenotypic perspective, the EPIC B cell activation assay is designed to identify inhibitors that target known proteins as well as other novel mechanisms of action. However, deconvoluting the hits post HTS poses a challenge. Perhaps an attribute of the EPIC assay that distinguishes it from the FLIPR cell-based assay is the kinetic profile of a given compound. For example, it may be possible to further group HTS hits based on their kinetic trace profile. From a therapeutic standpoint, examining kinetic profiles of B cell inhibitor drugs with desirable and undesirable properties may provide a "profile signature" that can be used to group inhibitors of B cell activation post screening. However, suitable follow-up assays should be in place to validate this hypothesis. Profiling drugs for a "signature" or "fingerprint" has been addressed in the high-content-imaging arena. For example, Anne Carpenter's lab at the Broad Institute used image-based profiling of a myriad of cellular morphological responses in response to small-molecular treatment using CellProfiler software. Both the phenotypic image-based and the EPIC-based approaches may provide useful insights for predicting a compound's mechanism of action in a target-agnostic paradigm.
In summary, both the EPIC LFA-1/ICAM-1 adhesion assay and the FLIPR Ca 2+ assay can identify inhibitors of B cell activation. The FLIPR-based assay is more amenable to ultra-HTS compared to the EPIC assay; however, given that the readout of the EPIC assay is further downstream than the FLIPR-based Ca 2+ release, we anticipate that the EPIC assay will identify more inhibitors with differing mechanisms of action. Moreover, the EPIC assay appears more sensitive to different methods of activating B cells (i.e., mega-CD40L/anti-IgM) when compared to the FLIPR assay. Both phenotypic assays are complementary to each other, and the choice of platform will largely depend on the biological question to be addressed.
